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bstract

Parkinson’s disease is a neurodegenerative disorder affecting the dopaminergic neurons in the substantia nigra. Aggregation of �-synuclein
ppears to play a central role in the pathogenesis. Novel animal models for neurodegeneration have been generated by lentiviral vector-mediated
ocoregional overexpression of disease-associated genes in the adult brain. We have used lentiviral vectors to overexpress a clinical mutant
f �-synuclein, A30P, in the rat substantia nigra. This overexpression induced time-dependent cytoplasmic and neuritic accumulation of
-synuclein and neurodegeneration. A subgroup of the rats developed asymmetric rotational behavior after administration of amphetamine. In
ddition, these animals displayed reduced dopamine transporter binding visualized by 123I-FP-CIT microSPECT imaging. The behavioral and
icroSPECT data were validated by histological analysis. There was a strong correlation between the reduction of dopaminergic neurons in
he substantia nigra and the reduction of dopamine transporter binding in the striatum. MicroSPECT imaging enables non-invasive imaging of
he neurodegeneration allowing longitudinal follow-up in this new animal model for Parkinson’s disease and the evaluation of neuroprotective
rugs.

2005 Elsevier Inc. All rights reserved.
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. Introduction

Aggregation of �-synuclein is a key event in the patho-
enesis of Parkinson’s disease (PD). �-Synuclein was first
inked to Parkinson’s disease by the discovery of two point

utations (A53T and A30P) in the �-synuclein gene asso-
iated with familial forms of PD [19,26]. Later, �-synuclein

as identified as the major component of Lewy bodies and
ewy neurites, the neuropathological hallmarks of PD [30].
ore recently, a third point mutation (E46K) was identi-

ed as a cause of hereditary PD [34]. Purified �-synuclein is
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nown to form protein aggregates in vitro under certain con-
itions [9,13]. Several animal models for Parkinson’s disease
ave been developed. These models play an important role in
he understanding of the pathogenesis of Parkinson’s disease
nd in the development of new therapies. The first animal
odels were based on the acute destruction of dopamin-

rgic neurons using selective neurotoxins, which include
-hydroxydopamine (6OHDA) and 1-methyl-4-phenyl-
,2,3,6-tetra-hydropyridine (MPTP) [3]. More recently,
ransgenic mice and fruit flies overexpressing wild type or

utant �-synuclein have been developed [10,14,22,27,32].
he �-synuclein transgenic mice display varying degrees
f brain pathology, but they do not display specific neu-
odegeneration of the dopaminergic neurons or dopamine-
ependent motor impairment, both characteristic of PD. In
rosophila, human wild type and mutant (A30P and A53T)
-synuclein were expressed in neurons. These transgenic
ies develop a progressive age-dependent locomotor dys-
unction, accompanied by a selective loss of dopaminergic
eurons.

Recently, we and others have developed alternative models
ased on local viral vector-mediated overexpression of �-
ynuclein. Recombinant lentiviral (LV) and adeno-associated
irus (AAV) vectors have been used for the targeted overex-
ression of both wild type and mutant �-synuclein in the
at substantia nigra [6,17,18]. These rats develop chronic
rogressive Lewy pathology and neurodegeneration of the
opaminergic neurons.

We have previously reported progressive neuropatholog-
cal changes and neurodegeneration after LV-mediated over-
xpression of �-synuclein in different regions of the mouse
rain [20]. One of the major challenges of the viral vector-
ased models is the possibility to monitor neurodegeneration
n a non-invasive way over time to allow direct correlation
ith behavioral performance and to test new potential thera-
eutic agents for PD.

We here report a long-term follow-up study of a group
f rats that were injected in the substantia nigra with LV
ncoding A30P �-synuclein (LV-�-SYN(A30P)). We val-
dated this rat model by behavioral testing, non-invasive

olecular imaging and histological analysis. The chronic
rogressive nature of the pathology and the non-invasive
icroSPECT (single-photon emission computed tomogra-

hy) imaging both will facilitate the evaluation of novel treat-
ent strategies targeting the synucleinopathy in this model.

. Materials and methods

.1. Animals
We used adult Wistar rats in this study. The animals were
oused under 14 h light/10 h dark cycle with free access to
ood and water. All animal experiments were approved by
he bioethical committee of the K.U. Leuven.

t

o
F
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.2. Lentiviral vector construction and production

The cDNA encoding the human clinical mutant (A30P)
f �-synuclein, obtained from Dr. Kelly Conway (Cen-
er for Neurologic Diseases, Boston), was cloned into the
CHMWS and the pHMWS transfer plasmids. These plas-
ids are derived from the original pHR transfer plasmid [23].
multiple cloning site and a self-inactivating deletion in the
3 region (pHR’SIN-18) were created [37]. Additionally,

he Woodchuck hepatitis post-transcriptional regulatory ele-
ent (WPRE) [36] and the central polypurine tract (cPPT or
) [11,35], respectively, were inserted. HIV-1-derived vector
articles, pseudotyped with the envelope of vesicular stom-
titis virus (VSV), were produced by transfecting 293T cells
ith a packaging plasmid encoding viral Gag and Pol proteins

pCMVDR8.91), a plasmid encoding the envelope of vesicu-
ar stomatitis virus (pMDG), and the transfer plasmid encod-
ng �-synuclein. Transient transfection of 293T cells was
arried out in 10-cm dishes. For each plate, a DNA mixture
700 ml) containing 20 mg of transfer plasmid, 10 mg of pack-
ging construct, and 5 mg of envelope plasmid in 150 mM
aCl was prepared. A 700-ml volume of polyethylenimine

PEI) solution (110 ml of 10 mM PEI stock solution, pH
.0, diluted with 590 ml of 150 mM NaCl) was added to
his DNA mixture. After 15 min at room temperature, the
NA–PEI complex was added dropwise to the 293T cells in
pti-MEM I (GIBCO-BRL, Merelbeke, Belgium) with gen-

amicin (20 mg/ml) and without fetal calf serum (FCS). After
vernight incubation, the medium was changed. Supernatants
ere collected from days 2 to 5 post-transfection. The vector
articles in the supernatant were filtered through a 0.45 �m
ore size filter and then sedimented by ultracentrifugation at
5,000 rpm at 4 ◦C for 5 h. The pellets were redissolved in
hosphate-buffered saline (PBS). For in vivo experiments,
he vectors were further centrifuged for 1 h at 20,000 rpm
nd redissolved in PBS, resulting in a final 8000-fold con-
entration. p24 Antigen content was determined with the
IV-1 p24 core profile ELISA (Perkin-Elmer Life Sciences,
oston, MA).

.3. Surgery

We performed all surgical procedures under ketamine
60 mg/kg i.p.) and medetomidine (0.4 mg/kg) anaesthesia
sing aseptic procedures. The rats were placed in a stereo-
actic head frame (Stoelting, Wood Dale, IL) and a small
ole was drilled in the skull in the appropriate location using
regma as reference. The coordinates used to target the sub-
tantia nigra were: AP −5.2, L 2.3 and DV 7.3. We injected
�l of highly concentrated vector (108–109 pg p24/ml) sup-
lemented with 4 �g/ml polybrene at a rate of 0.25 �l/min.
fter the injection, the needle was left in place for an addi-
ional 10 min before being slowly withdrawn from the brain.
6OHDA lesions were performed by unilateral injection

f 24 �g 6-hydroxydopamine (6OHDA; Sigma, St. Quentin-
allavier, France) dissolved in 3 �l of 0.9% sterile NaCl
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ontaining 0.1% ascorbic acid in the substantia nigra. The
oordinates used were: AP −5.2, L 2.1 and DV 7.2.

.4. Behavioral testing

Behavioral testing was performed on two groups of 15
ats.

In the stepping test, the animals were tested for forelimb
kinesia [16]. Two days before the test, the rats were famil-
arized with the test procedure. The test was performed twice
aily on three consecutive days by an experimenter unaware
f the group identity of the tested rats resulting in total six
egistrations for each animal in each direction. The rat was
eld by the experimenter fixing both hind limbs with one hand
nd the forelimb not to be monitored with the other hand. The
nrestrained forepaw was touching the table and the number
f adjusting steps was counted while the rat was moved side-
ays along the table surface in the direction of the extended
aw (90 cm in 5 s). This procedure was repeated twice for
ach forelimb and the mean of data obtained on three test-
ng days constituted the final value. At different time points
fter injection, amphetamine-induced asymmetric rotational
ehavior was monitored in an automated rotometer bowl
31]. Amphetamine was injected intraperitoneally at a dose
f 5 mg/kg. For each test the total number of complete turns
lockwise and counter-clockwise was counted over 90 min.
he direction ipsilateral to the lesion is considered as pos-

tive. The analysis of amphetamine tests was based on net
psilateral turns (defined as clockwise turning in case of a
ight-sided injection).

.5. Molecular imaging and analysis

Five Wistar rats 9 months after unilateral transduc-
ion with a LV encoding A30P �-synuclein, four 6OHDA
esioned rats and five normal age-matched rats were injected
ith 300 MBq 123I-FP-CIT (123I-N-�-fluoropropyl-2-�-

arboxymethoxy-3�-(4-iodophenyl) nortropane) to evaluate
he dopamine transporters in the rat striatum.

Ninety minutes after injection, the rats were anaesthetized
ith nembutal (60 mg/kg) and microSPECT was carried out
sing a single-head Millennium GE gamma camera with
3 mm aperture single-pinhole collimator. Images were

cquired in a 128 × 128 matrix over 64 projection angles
n step-and-shoot mode, frame duration 60 s per angle. The
inhole geometry was determined using an in-house devel-
ped algorithm [4] and tomographic images were produced
ith maximum-likelihood reconstruction (the equivalent of
00 iterations was applied, accelerated using subsets, with a
radually decreasing number of subsets per iteration). During
econstruction, the position dependent resolution was mod-
led by tracing seven rays through the pinhole aperture per

etector pixel. Attenuation was ignored. The voxel size after
econstruction is 1.2 mm × 1.2 mm × 1.2 mm, the spatial res-
lution was about 3 mm. Reconstructed images were quanti-
ed by volume-of-interest (VOI) analysis (PMOD Software

2

m
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2.5, Zurich, Switzerland). VOI contours were based on a pre-
efined structural template (volume striatum VOI 0.042 cm3)
nd manually adjusted per animal (translation only). The
verage voxel size of the striatal VOIs in this study was 55 ± 4
1 S.D.) voxels, for the cerebellum (three sections) on average
2 ± 3 voxels were taken. For semiquantification, the bind-
ng index (striatum/cerebellum − 1) for left and right striatal
olumes-of-interest was calculated and right-to-left binding
symmetry indices were determined as R/L by comparison to
he unaffected left side.

.6. Histology

To assess lentiviral transduction, we deeply anaesthetized
he rats with pentobarbital and perfused them transcardially
ith saline followed by ice-cold 4% paraformaldehyde in
BS for 15 min. The brain was postfixed overnight in the same
xing solution. 50 �m-thick coronal brain sections were cut
ith a vibratome and stored at 4 ◦C. First, sections were

reated with 3% hydrogen peroxide and incubated overnight
ith the primary rabbit anti-�-synuclein antibody (1:5000)

Chemicon, Temecula, CA) or rabbit anti-tyrosine hydroxy-
ase (1:5000) (Chemicon) in 10% normal swine serum. Then
he sections were incubated in biotinylated swine anti-rabbit
econdary antibody, followed by incubation with Strept-
BC-HRP complex (DAKO, Glostrup, Denmark). Detection
as with diaminobenzidine (DAB) using H2O2 as a substrate.
For immunofluorescence, sections were incubated

vernight with mouse monoclonal anti-�-synuclein (1:20,
YMED, South San Francisco, CA) and rabbit polyclonal
nti-ubiquitin (1:200, DAKO). Detection was with goat
nti-mouse conjugated with Alexa-488 and goat anti-rabbit
onjugated with Alexa-633 (Molecular Probes, Leiden, The
etherlands). Confocal microscopy was performed using

he LSM 510-ConfoCor 2 (Zeiss).

.7. Quantification of nigral dopaminergic neurons

The number of TH-positive neurons in the SN pars com-
acta was estimated using an unbiased stereological method:
he optical fractionator (Stereo Investigator, MicroBright-
ield Inc.). Quantification was performed on four �-SYN rats
sed for SPECT imaging (one of the five �-SYN rats died
fter imaging and the brain could not be recovered), on 16
-SYN rats that scored negative in the amphetamine-induced

otational test, on four 6OHDA rats and on four control nor-
al rats. Every fifth section throughout the substantia nigra
as analysed with a total of seven to eight sections for each

nimal. A coefficient of error of <0.10 due to the estimation
as accepted.
The volume of the transduced brain area was quantified

sing the Cavalieri principle as previously described [1].
.8. Statistical analysis

For behavior analysis, data are presented as the
ean ± S.D. MicroSPECT semiquantitative ratios and histo-
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Fig. 1. Amphetamine-induced rotation test in rats transduced with �-
SYN(A30P) LV. Each circle represents the net number of ipsiversive rota-
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ogical dopaminergic neurons numbers were evaluated with
tatistica v6.0 (StatSoft Inc., Tulsa, USA) using the Student’s

-test. Significance was accepted at the 95% probability level.

. Results

.1. Lentiviral vector-mediated overexpression of GFP
nd α-synuclein in the substantia nigra of the rat

To determine the efficiency of transgene expression in
he dopaminergic neurons of the rat substantia nigra, we
njected LV overexpressing the green fluorescent protein
GFP). Transduction of dopaminergic neurons was verified
y colocalization of GFP and tyrosine hydroxylase (TH).
fter a single injection of LV-GFP, produced with the trans-

er plasmid pCHMWS, we were able to transduce up to 85%
f the dopaminergic neurons in the substantia nigra (SN)
data not shown). Next, we injected LV-�-SYN(A30P) in the
ubstantia nigra of the rat. We compared the expression lev-
ls of �-synuclein obtained with vectors produced with the
ransfer plasmids pHMWS or pCHMWS. To determine the
xpression levels of �-synuclein (A30P) we quantified the
ransduced volume using the Cavalieri principle. In agree-

ent with previous studies, we found that the presence of the
PPT element resulted in a two- to four-fold increase in �-
ynuclein (A30P) expression in the SN (mean 3.2-fold ± 0.9
.D.) (data not shown) [1,11,35].

.2. Motor behavior of rats overexpressing α-synuclein
n the substantia nigra

To evaluate the phenotypic effect of overexpression of �-
ynuclein in the substantia nigra of the rat in a dose-dependent
ay, we injected two groups of 15 rats with a single injection
f 4 �l concentrated LV overexpressing the A30P clinical
utant of �-synuclein. The first group was injected with LV

roduced with the transfer plasmid pHMWS-�-SYN(A30P)
nd the second group with vectors produced with the transfer
lasmid pCHMWS-�-SYN(A30P), which will be referred
o as the high expression group. In each group of 15 rats,
ve rats received a control injection of saline and five rats a
ontrol injection with LV-GFP in the contralateral substantia
igra. We analyzed the injected rats for possible motor dys-
unction by the stepping test and the amphetamine-induced
symmetric rotational test. We started testing the rats 6 weeks
fter injection and retested the animals every 10 weeks. In
he stepping test, no significant differences in motor per-
ormance of the two forelimbs were observed at any time
oint (data not shown). The amphetamine-induced asymmet-
ic rotational behavior test is a standard test used to assess
eurodegeneration in the 6OHDA lesion model for PD. A

urning behavior of more than 100 ipsiversive rotations in
0 min correlates with a successful and detectable lesion in
he substantia nigra. More than 500 rotations in this test
s indicative of a nearly complete lesion (more than 97%)

s
t
a
t

ions at different time points for individual rats transduced with LV produced
ith the transfer plasmid pHMWS (open circles) or pCHMWS (closed cir-

les). The open en closed boxes represent the mean value ± S.D. of the
otations at each time point.

24]. We monitored amphetamine-induced rotational behav-
or until 46 weeks after injection (Fig. 1).

Six weeks after injection we observed considerable vari-
bility in rotational behavior in both groups, which disap-
eared again at 16 weeks. This may be due to a transient
ffect following injection in the substantia nigra. At later
ime points, a consistent ipsiversive rotational behavior was
bserved in the high expression group. Five rats in the high
xpression group showed asymmetric rotational behavior
tarting from week 25. This effect was maximal at 26 weeks
fter injection. At later time points, the same five rats display
ncreased rotations. Interestingly, in the group injected with
he pHMWS vectors, there was no clear increase in ipsiver-
ive rotations until 46 weeks after transduction.

.3. Imaging of dopamine transporter activity by
23I-FP-CIT MicroSPECT

Since the behavioral tests pointed to a modest but signifi-
ant deficit in dopaminergic neurotransmission, we wondered
hether we could monitor this in a non-invasive way by
icroSPECT imaging of the dopamine transporter activity.

123I-FP-CIT MicroSPECT imaging was performed on 14
ats: five rats injected unilaterally with LV-�-SYN(A30P) that
erformed more than 100 ipsiversive rotations induced by
mphetamine at 46 weeks, four rats injected unilaterally with
OHDA as a positive control and five age-matched control
ats. In the age-matched control rats both the left and right

triatum were clearly visible (Fig. 2a). In the 6OHDA rats,
here was an average loss of 94 ± 13% dopamine transporter
ctivity (Fig. 2c) in the lesioned hemisphere as compared to
he non-injected side (binding asymmetry index R/L = 0.055).
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Fig. 2. 123I-FP-CIT MicroSPECT imaging. Representative images from a normal (a), a LV-�-SYN(A30P)-transduced (b) and a 6OHDA lesioned rat (c) are
shown. Images show the coronal, transverse and sagittal cross-sections through the (left) striatum. The color scale (relative activity values) is given on the right.

Fig. 3. Box-and-Whisker plot of the right-to-left 123I-FP-CIT binding asym-
metry index. The box represents the 25 and 75% value, Whiskers denote
minimum and maximum values. MicroSPECT analysis was performed 46
weeks after injection with LV-�-SYN(A30P) on five rats that performed
more than 100 ipsiversive rotations in the rotation test. A significant reduc-
tion in DAT was observed in the �-synuclein overexpressing rats compared
to the control rats (n = 5) (p < 0.05). As a positive control, four 6OHDA-
lesioned rats were also measured.

Fig. 4. Quantification of the right-to-left ratio of dopaminergic neurons
in the substantia nigra determined by stereological analysis. The data are
represented as the mean ± S.D. The first group of animals are the con-
trol, non-injected rats (n = 4). The second group of animals are the rats
injected with LV-�-SYN(A30P) that did not display rotational behavior in
the amphetamine-induced rotational test (n = 19). The third group of ani-
mals represents rats injected with LV-�-SYN(A30P) that performed more
than 100 ipsiversive rotations in the amphetamine-induced rotational test
46 weeks post-injection (n = 4). The last group of animals have a 6OHDA
lesion (n = 4). A significant difference was found between the third group
of animals and the control animals (p < 0.05) and between the second and
the third group of animals (p < 0.05). We also found a significant difference
between the last group and all the other groups. No significant difference
was found between the control group of rats and the rats that did not display
rotational behavior.
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ig. 5. Immunohistochemical analysis of the SN of a rat after unilateral injec
f serial sections with an interval of 500 �m around the injection site. The p
he substantia nigra. The lowest panel is a section stained with an antibody
ection 5 there is an almost complete loss of dopaminergic neurons (arrows

n the LV-�-SYN(A30P) injected animals, there was a con-
istent reduction in the number of dopamine transporters in
he striatum of the injected hemisphere (Fig. 2b). From the
ve LV-�-SYN(A30P)-transduced rats that were analyzed by
icroSPECT, two rats had received a contralateral injection
ith GFP-expressing LV and one rat an injection with saline

o exclude injection artifacts.
Fig. 3 shows the right-to-left binding asymmetry index as

measure of relative dopamine transporter activity compared
o the unaffected side for the three groups. The intersubject
ariability of asymmetry ratios was 13% in normal Wis-
ar rats. LV-SYN(A30P)-transduced rats showed up to 31%
eduction in dopamine transporter binding (mean 10 ± 15%,
< 0.05) compared to normal rats, irrespective of contralat-
ral control injections.
.4. Histological analysis

After the microSPECT measurement, rats were sacrificed
or histological analysis. In the substantia nigra, every fifth

e
�
t
t

th LV-�-SYN(A30P). The four upper panels represent TH immunostainings
n the side represent a higher magnification of the dopaminergic neurons of
�-synuclein demonstrating the unilateral overexpression of the protein. In
logical analysis was performed 46 weeks after injection.

ection of the brain was stained for TH and quantified by
tereological procedures (Fig. 4). In a number of animals, loss
f dopaminergic neurons was apparent in sections adjacent
o the injection site, (Fig. 5). As a control, we also evaluated
ormal, non-injected rats (n = 4); in these rats no asymme-
ry in the number of dopaminergic neurons between the two
emispheres was observed. Correlation analysis between the
opaminergic neuron loss obtained by histological quantifi-
ation and the loss of dopamine transporters (R/L binding
symmetry) visualized by microSPECT (Fig. 6) showed a
ood correlation (R2 = 0.84, p = 0.00003).

We subsequently analyzed the rats that did not dis-
lay asymmetric behavior in the amphetamine-induced rota-
ional test. There was a small but non-significant reduction
p = 0.11) in the ratio of dopaminergic neurons between the
njected side and the contralateral side (Fig. 4). Thus, the

xtent of dopaminergic neuron loss was different between the
-synuclein-transduced rats that showed asymmetric rota-

ional behavior in the amphetamine-induced rotation test and
he group that remained negative or the control group. In the
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Fig. 6. Correlation between the dopaminergic cell loss visualized by histo-
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ogical analysis and the reduction of dopamine transporters visualized by
PECT analysis in the rats that were positive in the rotation test.

OHDA rats we observed an average unilateral destruction
f 93% of the nigral dopaminergic neurons. In the LV-�-

YN(A30P) injected rats, we observed a clear reduction of
opaminergic neurons in the injected hemisphere that varied
etween 22 and 51% (n = 4, p < 0.05) (Fig. 4)

s
m
1

ig. 7. �-Synuclein-induced neuropathological changes. Immunohistochemical stai
nclusions in the substantia nigra and (b) �-synuclein-containing neuritic inclusi
nclusions. The lower panels represent fluorescent double-stainings for �-synuclein
f ubiquitin-containing inclusions in transduced neurons. Scale bars represent 10 �
Aging 28 (2007) 248–257

Further morphological analysis revealed �-synuclein-
nduced pathology in the surviving dopaminergic neurons of
he substantia nigra. These pathological changes were similar
o what we observed after LV-mediated overexpression of �-
ynuclein in the mouse brain [20], i.e. �-synuclein-containing
nclusions in the cytoplasm (Fig. 7a) and neuritic enlarge-
ents in the striatum (Fig. 7b). A fraction of these inclusions
ere ubiquitin-positive (Fig. 7, lower panels), also in agree-
ent with our previous results.

. Discussion

We have previously demonstrated �-synuclein-induced
athology in the mouse brain [20]. Here we report a long-
erm study on the effects of LV-mediated overexpression of
-synuclein in the SN of the rat. Next to examining neu-

opathology, the aim of this study was to validate this ani-
al model by behavioral testing and non-invasive molecular

maging.
While this work was ongoing, other groups have reported
ynuclein in the substantia nigra of the rat [6,17,18] or the
onkey [15]. Klein et al. monitored rats over a time course of
year after adeno-associated virus vector-mediated expres-

nings for �-synuclein demonstrate: (a) cytoplasmic �-synuclein-containing
ons in the striatum. The arrows indicate the presence of the cytoplasmic
and ubiquitin analysed by confocal microscopy demonstrating the presence
m in the upper panels and 5 �m in the lower panels.
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ion of A30P �-synuclein [18]. Apart from Lewy-like inclu-
ions of �-synuclein and dystrophic neurites, no abnormal
ehavior or motor dysfunction was found in either rotational
r rotating rod testing despite of a 53% loss of dopaminer-
ic neurons. In contrast, after AAV-mediated overexpression
f wild type and A53T mutant �-synuclein in the substantia
igra of the rat, significant motor impairment was observed
n a subgroup of animals in which dopaminergic neuron cell
oss exceeded a critical threshold of 50–60% [17]. The rats
ere monitored for up to 6 months. Interestingly, a maximal

ffect was observed at 8 weeks. At 8 months, there was a
ecovery of the total number of nigral TH+ cells and stri-
tal TH+ fibers. However, striatal dopamine levels were still
educed by 50% [17]. In line with this observation, the rats
howed impaired skilled paw use at 4 and 5 months after vec-
or injection. Dopaminergic cell loss was also observed after
V-mediated overexpression of different forms of human but
ot rat �-synuclein in the substantia nigra of the rat [6]. This
tudy reported no behavioral changes.

We have examined motor function at different time points
fter injection of LV encoding A30P �-synuclein in the sub-
tantia nigra of the rat. There was no aberrant behavior at
ny time point in the stepping test, while the number of
mphetamine-induced rotations varied considerably between
ndividual rats. Some rats displayed a relatively high num-
er of ipsiversive rotations while other rats were not or very
ildly affected. These findings are in agreement with the

esults of Kirik et al. [17] where about 25% of the animals
ere significantly impaired. Previous studies have shown

hat significant changes in amphetamine-induced behavior
re only detected when the number of dopaminergic neurons
s reduced by 50–60% [21]. In our study we have included
wo groups of rats that differed only in the levels of A30P
-synuclein expression. Interestingly, in the group express-

ng modest levels of �-synuclein, fewer rats were positive in
he amphetamine-induced rotation test, and the impairment
tarted at a later time point. In the high expression group,
here was an apparent reversal of behavioral impairment at
he latest time point (Fig. 2). We speculate that in agreement
ith the findings of Kirik et al. (2002), the rats with higher

xpression levels of �-synuclein may already have partially
ecovered and the TH+ fiber network may have regenerated.
hose rats that showed asymmetric rotational behavior also
isplayed a modest reduction in dopamine transporter bind-
ng as analyzed by microSPECT. In these rats dopaminergic
ell counts in the substantia nigra revealed a cell loss between
0 and 50%. Further immunohistochemical analysis of the
ats that behaved normal in the rotation test demonstrated
correlation between motor behavior and dopaminergic cell
eath. The percentage of dopaminergic cell death in our rats is
ower than that reported by other groups. Differences between
tudies may relate to the use of AAV vectors [17,18] versus

V vectors or the use of different promoters (PGK versus
MV) [6].

Imaging of dopamine transporters by SPECT is an impor-
ant tool for the study of the integrity of nigrostriatal dopamin-

S
(
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rgic nerve terminals in vivo in humans [8] or in animal
odels [28]. In Parkinson’s disease there is a loss of the presy-

aptic dopamine transporters in the striatum as a result of the
egeneration of the dopaminergic neurons of the substan-
ia nigra. In humans, the sensitivity of this technique allows
ssessment of the loss of dopamine transporters in the earliest
hase of PD [12,28,29] and even before the onset of motor
ymptoms [5]. The technique is used in individual patients
o corroborate the diagnosis, to differentiate patients with
resynaptic Parkinsonism from other forms of Parkinsonism
such as essential tremor and medication-induced Parkinson-
sm) [7], to assess progression of degeneration and to evaluate
europrotective strategies [25,33].

From our results on the intersubject variability and the
xtent of the demonstrated deficit in rats injected with
-SYN LV, it can be expected that we can monitor �-
ynuclein-induced neurodegeneration of the nigro-striatal
ystem by microSPECT. Non-invasive imaging of disease
rogression in animal models would be very advantageous
ecause it allows individual kinetic follow-up and circum-
ents interindividual variability. All the rats that were selected
ased on impaired amphetamine-induced behavior showed
educed dopamine transporter binding by microSPECT.
herefore, imaging of the rat brain by microSPECT is
xpected to be a sensitive non-invasive technique to moni-
or limited and longitudinal degeneration of the dopaminergic
eurons in the substantia nigra. We are planning microSPECT
nalysis at different time points after stereotactic delivery
f lentiviral vectors to monitor the kinetics of �-synuclein-
nduced dysfunction of the dopaminergic system in indi-
idual rats. From the methodological side, the absence of
artial-volume correction for the limited resolution of the
icroSPECT measurement may have caused the underesti-
ation of the true dopaminergic deficit by around 10% when

ompared to the histological dopaminergic neuron counting.
o resolve this quantification issue, microMRI (magnetic res-
nance imaging) investigations can be performed and post
oc or reconstruction-based resolution recovery techniques
ould then be applied [2].

In conclusion, our results provide a proof-of-principle for
rat model for early PD by LV-mediated overexpression of
-SYN in the substantia nigra. Validation of the model was
erformed by both behavioral testing and by non-invasive
icroSPECT imaging. To our knowledge our results pro-

ide the first example of non-invasive imaging of chronic-
rogressive neurodegeneration in a genetic rodent model of
D. We believe that this novel rat model will facilitate the
evelopment of drugs targeting �-SYN aggregation as a novel
trategy for the treatment of PD.
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